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Effect of temperature on carbon nanotube diameter and bundle
arrangement: Microscopic and macroscopic analysis
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The diameter distribution of the nanotubes produced by electric-arc discharge are measured using
Raman spectroscopy at various wavelengths. These measurements agree with the results provided
by two other techniques: high-resolution transmission electron microscopy and x-ray diffraction.
The mean tube diameter shifts more than 0.1 nm with the increase of argon in the inert atmosphere.
Some argon concentrations favored the synthesis of metallic tubes with specific diameters.
Furthermore, the background gas influences the macroscopic characteristics of nanotube yield and
bundle size, as determined by Brunauer—Emmett—Teller surface area measurements and x-ray
diffraction. The information collected on nanotube diameter and arrangement is correlated with
temperatures calculated using a numerical model of the plasma generated between the two
electrodes. Indeed, plasma temperature control during the production process is achieved using
argon—helium mixtures as buffer gases. The variation of the gas mixture from pure argon to pure
helium changes the plasma temperature and hence the nanotube diameH04 @merican
Institute of Physics.[DOI: 10.1063/1.1638620

I. INTRODUCTION croscopy(HRTEM) and Raman spectroscapgnd macro-
scopic[Brunauer—Emmett—TellefBET), x-ray diffraction]

The diameter of single-wall carbon nanotubesanalysis of the nanotubes. Understanding the process param-
(SWCNTSs is an important property and is of interest for new eters involved is aided by numerical modeling of the heat
applications that rely on diameter uniformity or the uniquetransfer in the arc. Characterization of nanotubes using vari-
chemical properties of certain types. Understanding the facous techniques gives fundamental information, specific for
tors that affect the diameter may lead to a better Understan@ach technique7 on the influence of the inert gas on the nano-
ing of the growth mechanism of the nanotubes. This workype diameter. A Raman spectrum of SWCNTSs is generally
focuses on diameter control of SWCNTSs during the electricyivided into two parts. The first one corresponds to the “Ra-
arc discharge process. However, to control the nanotube djsjg) Breathing Modes” where the frequency of vibration de-
ameter, arc parameters must be controlled carefully. Due tBends directly on the diameter of the SWCNTs. The second
the large variety in process parameters, much trial and ermq§ne concerns the tangential modes that give insight into the
goes into optimizing growth conditions. In our previous gjectronic properties of the SWCNTs. The results obtained
work,! we controlled the average nanotube diameter using)y Raman spectroscopy are complemented by HRTEM
different gas mixtures in the arc reactor. In this study, we,naysis. A statistical analysis of HRTEM pictures gives ad-
bring additional evidence about the efficiency of this methodiional information on the diameter distribution. Macro-
by microscopic[high-resolution transmission electron mi- ¢, i characteristics of nanotubes, such as BET surface area
of as produced nanotubes and x-ray diffraction, show an im-
dAuthor to whom correspondence should be addressed; electronic maiPortant and reproducible effect of the inert gas on the mor-
farhat@limhp.univ-paris13.fr phology of the materialyield of nanotubes and number of
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nanotubes per bundleFinally, mathematical modeling of are cross sectional images of nanotubes. We have used a
the process can help understanding the effect of the buffgerogram, which allows fitting circles onto the cross sectional
gas on the temperature distribution in the reactor. A oneimages, to measure their diameters. We consider such mea-
dimensional mathematical model is developed that solves fasurements more precise than measurements on the in-plane
the velocities, temperature and concentration of species inanotubes. Images are scanned at 1200 dpi; TEM magnifica-
the inter-electrode gap for specific conditions of nanotubeion factor is 23 nm/cm at 500kX magnification.
growth. In order to understand the experimental results, a In addition to Raman spectroscopy and electron micros-
comparison is made of temperature profiles obtained witltopy, we characterize the materials at a macroscopic level.
argon, helium and their mixtures. The BET surface ar8aof the single-wall carbon nanotube
samples is determined by nitrogen adsorption at 77 K, using
a BET COULTER SA 3100 instrument. Prior to absorption,
Il. EXPERIMENT the samples were degassed at 393 K for at least a 1/2 h. We

Single-wall nanotube samples are obtained by th&letermine the degd volume by introducing helium gas. A
electric-arc discharge method between carbon electrodes, dgnstant flow of nitrogen gas was adsorbed at 77 K and the
scribed in detail earlierThe process consists of evaporation Pressure recorded. The adsorption process on a surface can
(in a buffer ga of graphite anodes with a drilled hole and P& described by the BET equation.
packed with a mixture of graphite, nickel and yttrium. The ~ 1h€ X-ray scattering experiments have been performed
final molar ratio of C/Ni/Y including the outer graphite shell O @ rotating anode. Gt radiation(A=1.5418 A was se-
was 94.8:4.2:1. The run was made with a direct current ofécted by reflection on a doubly bent graphite monochro-
100 A, and yielded 20 V for pure argon to 40 V for helium, Mator. The powder samples were sealed in 1-mm-diam glass
for an inter-electrode gap of 3 mm. Mixtures of argon andcaplllarl_es and placed_m an evacuated x-ray chamber to re-
helium are used as buffer gases. The percentage of argon wA9Ve air scattering. Dn‘fragtlon patterns were mea;ured on a
varied from 0% to 100% in steps of 20%. Finally, the total cYlindrical (¢=114.6 mm imaging plate. The profiles re-
pressure of the mixture was fitted as a function of argorPort_ed in this article are recorded along the equat.o'rlal line of
percentage by a linear interpolation between 100 and 668'€ imaging platéDebye—Scherrer geomejryntensities are
mbar. These pressures for pure gases were found by Jaumé;prre_cted for polarlzatlo? eﬁ‘ec_ts, and a broad dlﬁuse_scatter-
to insure optimum nanotube yield. For nickel/yttrium cata-N9 Signal around 1.8 A', coming from the glass capillary,
lyst and the fairly narrow range of pressures she reported, tHa2S been subtracted from the x-ray scattering profiles. The
variation in nanotube diameter was not latgeHowever, Volume of the samples studied is about 1 am
Saito, Tani, and Kasuyehave shown for Rh/Pt catalysts in
the arc process a fairly strong dependence of the diameter #f- RESULTS
SWNTs on pressure over the range of 50-1520 Torr. Thew Raman spectroscopy
attribute this to the effect of pressure on process tempera-
tures. As our synthesis setup is similar to the one used by Raman spectroscopy turns out to be a powerful and non-
Journet, we assume that the pressure has little influence (g?structlve_tool to chargcter_lze single-wall carbon nanotubes
tube diameters, and, therefore, it is not the main parameter {®WNTS, since some vibrational modes are related to some
be considered. of their structural features.”® The diameter(d), for ex-

To characterize the synthesized nanotubes, we als@MPle, can be assessed by measuring the r7adial breathing
choose to perform some resonant Raman studies. As report&de(RBM) frequency and applying the formula
in the literature’, " it is necessary to use several excitation 223.75
wavelengths to excite various diameter and chirality tubes. In ~ vggm (CM™ )= d (nm)°
our case, we used the following laser lines: 514.5(angon
lase), 632.8 nm(He—Ne laser 676.4 nm(krypton lasey ~ Another formula has been propoé%db estimate the diam-
and 1064 nrm{Nd:yttrium—aluminum—garnetYAG) lasef.  eter of isolated SWNTs
Raman spectra were recorded at room temperature and dif- 248
ferent spectrophotometers were used: a Jobin-Yvon T64000 wvggy (cm )= d (nm)’ (2
triple monochromator spectrophotometer with argon and
krypton lasers, a Jobin-Yvon Labram with He—Ne laser and aeither formula takes into account the Van der Waals inter-
Bruker FT Raman RFS 100 with Nd:YAG laser. For all spec-action between tubes when they are arranged in bundles.
tra, the spectral resolution was about 1 ¢mmand by taking  This interaction does influence the breathing vibration of in-
advantage of the confocal microscope of the T64000 andividual tubes. This was calculated by different grotip¥,
Labram spectrometers, spatial resolution was closegml  and also by Buissoat al.,' who predict an up shift between

Transmission electron microscogf EM) samples are 10 and 20 cm?, depending on the size of the bundle. This
prepared in a somewhat unusual fashion. A tiny piece of dneffect is difficult to demonstrate experimentally since the
nanotubes is placed on the dry TEM grid, followed by asamples may contain, in general, both isolated tubes and
droplet of methanol. The nanotube samples become flattendalindles. Nevertheless, it appears that chemically induced
and stick to the grid as the methanol dries; and in manyispersion can lead to the preparation of large concentrations
places nanoropes form loops. When such loops are parallel @f isolated tubes as observed in atomic force microscopy.
the electron beam of TEM, one can see little circles, whichThis was achieved by Marcouwet al 4 applying fluorination/
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TABLE I. Resonant diameter and electronic charagtdr metallic, SC: x0.87
semiconductingfor each wavelength used in Raman experiments. .

Wavelength(nm) 514.5 632.8 676.4 1064

1064 nm

Resonant diametgnm) 1.32 1.15 1.45 1.35
Electronic character SC M M SC

.

defluorination chemical procedures. In this case, it is ob- 676 nm
served that two bands in the RBM region can be associated
with tubes in bundles and isolated tubes, respectively.

It would be speculative to apply any type of correction in
the RBM frequencies since our samples consist of bundles of
different sizes and of isolated tubes. The use of either for-
mula (1) or (2) slightly shifts the diameter distribution, but
does not modify the observed trend. Therefore, we used for-
mula (1) to estimate in relative values of the nanotube diam-
eter distribution in our samples.

Ly LT T
/%3 nm
514 nm

In resonant Raman experiments, using different excita-
tion laser lines allowed us to distinguish between types of .

SWNTs. This arises from the fact that the electronic density ' 150 ) 260 1:1‘00 16'00
of states of SWNTs exhibit van Hove singularities, which ] 1
energy positions are strongly dependent on the nanotube di- Raman shift (cm™)
ameter(inversely proportionaland on the metalli¢M) or
. 15 . A FIG. 1. Relevant Raman spectra recorded on the 0% of Ar sample for four
semiconductofSCO) nature.® Some electronic transitions are laser excitation wavelengths.
easily induced between van Hove singularities, allowing a
selective characterization of SWNt& hese nanotubes are
listed in Table I. L . .
For each wavelength, from 5 to 10 spectra were recorde&e_lat've intensities of other RBM ban(ise.,_ other diametejs
at different locations in the sample, providing average daté(‘”” not affect the computed average diameter very much.

on nanotube characteristics assumed to represent the whotd!: Some very small variations, ranging from 1.39 nm for
80% of Ar to 1.41 nm for 40% of Ar, can be seen.

sample. The radial breathing mode is fitted with Lorentzian o
lines the positions and areas of which provide the SWNT_ X@man spectra recorded at 632.8 and 676.4 nm exhibit a

diameters and relative concentrations, respectiVely. 1). Breit-Wigner—Fano line shape a_t 1540 _Ch_"vhiChlgS re-
Therefore, for each sample and wavelength, we deduce tHgted to the resonance of metallic SWNTsig. 1).™ The
diameter distribution and calculate an average diameter, 'clafive intensity of the RBM bands assigned to diameters

In Fig. 2, the average diameter is shown as a function of--15 and 1.3 nmaccording to.TabIe |, are iq resonance for
argon percentage in the inert atmosphere used during t 2.8 qnd oTos nm, respectivelp always higher thaq for
SWNT production. For the three wavelengths: 514.5, 632.89ther diameterdBg. 3. Because of resonant behavior of

and 676.4 nm, we clearly notice a continuous decrease of thté‘Ibes of these diameters, they are assumed metallic. The evo-

diameter with increasing Ar percentage. The biggest diam!ution of the concentration of these resonant diameters with

eter(1.4 nm is obtained with 20% of Ar, whereas 80% and e Ar percentagérig. 4) is nearly constant except for 80%
100% of Ar yield the smallest diameter, close to 1.3 nm and 100% of Ar. It means that for these two percentages, the

Thus, changing the gas mixture appears to induce a 0 &oncentration of metallic tubes increases. Therefore, for an

nm variation in the SWNT diameter. This trend is confirmed
by a shift in the diameter distribution shown in Fig. 3 for
514.5 and 676.4 nm. As the Ar percentage increases, the 14.2]

>

Raman Intensity (a. u.)

concentration of largest diamete(.35—1.5 nm decreases 140 ...-...».».-A-_'_:.‘_Z;'.;i;:‘.:w:-;;:j ----------- . -
while the concentration of smallest onés1-1.2 nm in- ’ A e v -
creases. One can even notice that some very small nanotubes 13.81 T, v
(0.8—1 nm are produced at a high Ar percentage. 13.6+

For the 1064 nm excitation wavelengthe., 1.16 eV,
the SWNT diameter appears to be nearly constant for all Ar
percentage. Unlike other wavelengths, the excitation energy A=676.4nm
(1.16 eV} matches exactly the first electronic transition al- %=1064nm
lowed by van Hove singularities. Hence, there is a strong 28— o 4 0 s 10
resonant effect with SWNTs of 1.35 nm in diameter. The
RBM band assigned to this resonant diameter is much more Argon percentage
intense than all the others. Therefore, any changes in th€iG. 2. variation of the average tube diameter with the argon percentage.

13.4+4

-- »=632.8nm

13.21 2=514.5nm

13.04

diameter (Angstrom)
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FIG. 3. Nanotube diameter distribution from Raman spectra at 514.5 and 676.4 nm wavelength excitation.

appropriate percentage of Ar, the production of metallicB. TEM observations

tubes with a specific diameter is favored.

Figure 3 also shows a specific behavior for 20% and
80% of Ar since these percentages, respectively, exhibit th

Figure 5 shows HRTEM for nanotubes synthesized un-
ger different atmospheres. Nanotube yield is good for 0% Ar

biggest and the smallest diameters. Adding a small amour"d 20% Ar, a little less in 40% Ar, and then decreases sig-
of another gas to a pure atmosphere seems to induce a Stepqlrﬁlcantly in 60% Ar and 80% Ar. For Ar concentrations from

the diameter distribution.

704
---m---2=632.8 nm : 11.5 angstrém
—4A—2=676.4 nm : 13.0 angstrém
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£ 504 a . — &
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FIG. 4. Variation of metallic tube concentration vs argon percentage ol

0% to 80%, the tube diameters were measured. For each
sample, several nanotubes have been counted as followed:
0%—116 tubes, 20%—115 tubes, 40%—99 tubes, 60%—34
tubes, 80%—19 tubes. These numbers actually reflect very
well on the abundance of nanotubes in each sample. For
100% argon, the number of nanotubes is extremely low.
However, a few tubes can be seen, but their orientations were
not suitable for measuring diameters. The diameter distribu-
tions are reported in Fig. 6, where they are fitted with Gauss-
ian curves. For each sampl, is the center of the distribu-
tion (which is the most accurate measure of the mean
diametey, and W is the distribution full width(not half-
width). This indicates a clear decrease of the tube diameter
with argon percentage. Moreover, the diameter distribution
measured is very close to the one observed by Raman spec-
plroscopy at 514.5 nniFig. 3) with the same diameters and

tained from Raman spectra excited at 632.8 and 676.4 nm wavelengths. the same trend when we change the argon concentration.
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ment function(taken as a Gaussian with full width at half
maximum of 0.04 AY), with the measurements. One finds:
®~1.3 nm andv~0.1 nm for bundles of about 40 nanotubes
(the bundle diameter is’10 nm), which agree with the HR-
TEM and Raman results. The calculated curve is compared
with the measurements in Fig. 7.

Several samples corresponding, respectively, to 0%,
20%, 40%, 60%, 80% and 100% Ar atmospheres were stud-
ied. Different x-ray scattering profiles can be obtained for
different samples synthesized under the same conditions.
This is due to differences in nanotube diameters or bundle
sizes. As the samples were presumably taken from different
parts of the collaret on the cathode, these differences are
attributed to gradients of temperature around the cathode, as
demonstrated by one-dimensional calculations of the heat
transfer between the cathode and an@® below. All the
results are summarized in Table Il, and some of them are
drawn in the inset of Fig. 7. The following tendency can be
deduced from the experiments. When the amount of argon is
increased, thé1,0 peak becomes much weaker or disap-
pears. This peak corresponds to relatively large bundles of
about 10 nm in diameter for 0% Ar atmosphere. Its intensity
should decrease for a smaller yield of nanotubes, or if the
nanotubes are assembled in small bundles. In this latter case,
the peak width increases so that it becomes undistinguishable
from background. Our results are thus in agreement with
FIG. 5. HRTEM images of the sample@) pure helium,b) 20% argon(c) ~ BET (see below and TEM measurements which point to-
40% argon(d) 60% argon, ande) 80% argon. ward a decrease in the nanotube yield and in the bundle sizes

with increasing Ar gas concentrations. Moreover, with in-
_ creasing Ar gas concentration, an increase of(th6) peak
C. X-ray scattering position (when this peak is observedan be deduced from

To get further information on the tube diameter andthe data. Typically, it moves from 0.47 Ato 0.49 A™* for
bundle arrangement, we have performed some x-ray scatte?%0 and 100% Ar atmosphere. These positions correspond to
ing experiments for all argon percentages. Figure 7 shows afiean tube diameters of about 1.3 and 1.2 nm, respectively.
x-ray scattering profile obtained for nanotubes synthesizedne average tube diameter decreases by 0.1 nm as the inert
under a pure He atmosphere. The peak around 0.27id& ~ 9as changes from 0% Ar to 100% Ar, as also observed with
the (1,0 peak of nanotubes organized in bundles on a twoHRTEM and Raman spectroscopy. Although one should keep
dimensional hexagonal latti¢&18 Weaker intensity peaks [N mind that only nanotubes assembled in sufficiently large
corresponding to wave vecto@3~0.77, 0.9, and 1.16 AL  bundles contribute to the signal, the agreement with the TEM
are indexed aél,1), (2,0) and(2,1) peaks, respectively. The and Raman results can be emphasized.
one at 1.57 A* corresponds to the overlapping of tt&2)
and (3,1) peaks. The peak positions and widths depend on
the nanotube diameters and on the bundle sizes. The dath
have been fitted as a function of the mean nanotube diameter In Fig. 8, we report the variation of the BET surface area
¢om; the full width at half maximunw of the distribution of  of the samples with the argon mole fraction in the back-
the nanotube diameters in different bundles, taken as Gausground gas, and the corresponding isotherms of nitrogen ad-
ian; and on the number of tubes in the bundles. The theoresorption. The isotherms are of type Il of the IUPAC classifi-
ical calculated intensity is cation. The surface area varied from 200 to 450gnt,
f(Q)?2 where the maximum value of 440%g ! is found for 20%

J P(P)In(QP/2)2Y, Jo(QR;)dD, argon, and decreases with increasing the argon percentage.
Q L The nitrogen in the BET measurements does not access sig-
3 nificant surface area in the space between nanotubes in a
wheref. is the x-ray form factor of carbonl, is the zero- bundle?® The nanotube ends are closed and the BET surface
order Bessel function® is the nanotube diameter in a area is attributed to the outer surface of a SWCNTs orga-
bundle,R;; is the distance between the centers of two nanonized in bundles® The measured values are about an order
tubes in the same bundlgn a plane perpendicular to the of magnitude lower than for the calculated area of single
nanotube axis andp(®) is the distribution of nanotube di- nanotubes(1300 nfg !).?! Peigneyet al?> have demon-
ameters among different bundles. The fitting procedure comstrated that the specific area of bundles of nanotubes depends
pares the calculated intensities, convoluted with the instruenly on the number of involved SWCNTSs. The surface area

10 nm

10 nm

-
=
=

-

=

—

BET surface area

Icalc(Q)oc
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FIG. 6. Diameter distribution of SWNT measured from TEM pictuésis the center of the distribution andis the distribution full width. On the bottom
roght, X, is plotted vs the argon concentration antis plotted as an error bar.

of bundles is equal to the surface area of single nanotube
multiplied by a correction factor. This factor decreases as the
number of SWCNTs in the bundle increases. In addition, the
specific surface area of isolated nanotubes does not depend
on their diameter, since the tubes are of the same wall thick-
ness. The HRTEM images of our samples showed that the

o
- ° ;

S Ji o number of SWCNTSs in the ropes decreases as the percentage
5; 04 05 08 07 of argon in the inert gas increases. Thus, we had hoped for an
"g‘ 1) 2,0 @1 (2,2) & (3,1) increase in the BET surface area as the argon percentage was
[}]

E

increased. Therefore, it appears that the observed decrease in
the BET surface area must result from a lower abundance of
SWNTs in the samples. Therefore, the BET surface area

04 06 08 10 12 14 16 measurement seems to predict a qualitative trend in the yield

QA" of nanotubes in the samples: the lower the surface area, the
lower the nanotube yield.
FIG. 7. X-ray scattering study of nanotubes synthesized under 0% Ar atmo-
sphere. Solid circles: measurements, continuous line: calculated spectrum
(after convolution by resolutignThe nanotubes are organized in bundles, in E. Modeling heat transfer
a two-dimensional hexagonal lattice: peaks are indexed within basis of the
corresponding reciprocal lattice. X-ray scattering profiles for nanotubes syn-  In order to analyze the effect of the buffer gas composi-
thesized under different helium—argon atmospheres are reported in the ins¢fon on the temperature profiles, a mathematical model was

Solid circles: 0%Ar atmospheistrong(1,0) peak, open triangles: 60% Ar i i ;
atmospheréno (1,0) peak observeldand open circles: 100% Ar atmosphere formulated under SpeCIfIC conditions of nanotube growth n

[weak (1,0) peak observed The intensities have been arbitrarily translated the arc. _The model CannOt be ConSidered of high fidelity .tO
for the sake of clarity. the detailed process. It is used to obtain trends of operating
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TABLE Il. Summary of the x-ray scattering study.

0%Ar 20%Ar 40%Ar 60%Ar 80%Ar 100%Ar
Number of samples 6 2 3 3 2 6
studied
Number of samples 0 1 3 3 1 3
for which no (1,0
peak was observed
Position of the(1,0) 0.42, 0.45, 0.48 0.49 0.44,
peak when observed  0.45, 0.47, 0.49, 0.49
(angstrom™) 0.47, 0.47

conditions as parameters, such as total power, gas composiy loffe et al,?® Owand’ and Murphy?® radiative losses are
tion and geometry, which are varied. This model is solvedmportant when argon is used. In our model, the nonequilib-
using thespiN computer code developed by Keeal? This  rium radiation loss tern@,,q was estimated from Owahb
program computes species, temperature and velocity profilassing

in a steady-state one-dimensional stagnation-point flow, and

incorporates temperature dependant fluid properties. The Q= 1.065% 101 exp(_l4117(j ﬂ
model is a boundary value problem consisting of a set of rad T m?

ordinary differential equations, solved by a finite dlﬁerencewherea is a nonequilibrium factofe=1 for local thermal

procedure. We assume local thermal equilibrilaiE) and . equilibrium (LTE) model anda=10 for partial local thermal

solve the steady .'.state.aX|aI "?‘”d rad@l momentum, SloeCIeeSqU|I|br|um(PLTE) model. For each condition of Table I,
and energy equations in spatial one dimension between thé : . .

we solve the model equations assuming three conditions for
anode and the cathode. The model accounts for carbon depo-

" . . ~gas radiation: no radiation, LTE and PLTE. For all cases, the
sition at the cathode by a set of surface reactions that simu= o
.7 7. Interelectrode gap was maintained at 3 mm and the current
lates nanotube growth. The steady-state assumption is jus

) . . > USWas set at 100 A. The temperature of the cathode is predicted
fied because of the continuous adjustment of the inter- . .
as a part of the solution by the model and is plotted versus

electrode gap leading to a constant erosion of the anode

hence a constant condensation of carbon vapor close to T percentage in Fig. 9. From this figure, we can notice

cathode. Local thermodynamic equilibrium was assumeéﬁe strong effect of the radiative modélLTE and LTH on

based on the Bilodeau, Pousse, and Gléfzesodel for cathode tem_pe_rature for high argon percentages. But, what-
aver the radiative model used, the cathode temperature de-

fullerene synthesis by arc discharge in the same range Q : .
. ; reases with argon. The calculated temperature gradient at
pressure as nanotube synthesis. The model equations are % -

scribed in detail in Farhat, Hinkov, and Scttwe will fo- € _cathpde Versus percentage of argon in buffer gas 1S plot-
. ted in Fig. 10 and confirms the sensitivity of the solution on

cus our discussion here on the thermal effect due to changlrg%e buffér 9% composition. The trend of the gradient is op-

the buffer gas composition and its effect on the source and .
. . . posite the cathode temperature because the thermal conduc-
loss terms in energy balance equation. Source tgnwith L N
éuwty of helium is much greater than argon.

the parameters set in Table Ill is determined from the ar
current and voltage and surface radiation exchange between

the cathode and the anode and the chamber. It accounts fir. DISCUSSION
the total input power integrated over its full spatial extent
less surface radiative losses. The radiative lo$3gg ac-
count for the net loss of energy by gas radiation. As indicate

; 4

According to the results presented heréaman spec-
(%roscopy, TEM, x-ray diffractioy) two main conclusions on

he effect of the composition of the inert atmosphere on
nanotube structures arise. As the argon percentage increases,
the diameter of the tubes decreases. Likewise, the number of
tubes in the bundles and in the soot decreases. We assume
that these effects are strongly related to the temperature and

350 T

300 £

rea (m.g")
g &
1844
33
ZEE

e
A
-
w
A
o 250 - &
E @
S 200 £ imulati
@ TABLE Ill. Parameters of the simulation.
T 150
< 100 4 Percentage of argon Pressure q
f in buffer gas (mbay (10 Wm™3?)
E 504
% [ 0 660 124
> oF T T T T 20 550 1.00
0 0.2 0.4 0.6 0.8 1 40 435 0.97
Relative Pressure Py/P, 60 325 0.70
80 210 0.63
FIG. 8. Volume adsorption curves vs pressure for various argon concentra- 100 100 0.65

tions. Inset: evolution of the BET surface with the argon concentration.
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—~ 2000 e no radiation As mentioned previously, the nanotubes are created be-
= = LTE | tween 1300 and 1800 ®:*° Such temperatures are reached
3 1800 1 < PLTE i very close to the cathodgew micrometers Elsewhere the
g temperature is above 2500 K. The cathode temperature and
£ 1600 | the gradient of temperature in the gas close to the cathode are
[] . . .
° A then the main parameters to be considered. Changing the
3 1 atmosphere composition, from pure helium to pure argon,
£ 1400 x
g entails a decrease of the cathode temperature greater than

1200 200 K. This decrease is significant between 20% and 80%;

and it induces a drop in the tube diameter as confirmed by all
experimental techniques. The profile of the curve in Fig. 9
for an argon concentration less than 20&hd greater than
FIG. 9. Calculated cathode temperature vs buffer gas composition with n@0% in no radiation cageshows very small variation com-
radiation, LTE radiation or PLTE radiation. pared to the other concentrations. This can explain the pecu-
liar variation of the average tube diameter.

its gradient near the cathode, as will be shown. The interpla If the tube diameters are smaller, we can assume that the

between the temperature and tube formation has already beéﬁ;fa;lievsf ;Te:e{;:;frébfweeg tivr\llf :Ubteisnlsbaltsv(\? sr::zatlrI]er.;jhls
reported by several authors. Actually, Bandewal.” have a cake er Waa eraction bewee € adja

Ignt tubes. It is then energetically less favorable for the tubes

shown that increasing the oven temperature during the Ias%0 be packed toaether in a bundle arrangement when their
ablation of catalyst—graphite target favored the production iamet%r decreaies Since the diametergdecreases with the
of nanotubes with larger diameters. Since then, other group '

have also related the tube synthesis to the eutectic temper' Icrease of argon concentration, fewer tubes are observed in

ture of a carbon—catalyst pha&3! They showed that the bundles at higher argon concentration. As the tempera-

nanotubes might be formed during a liquid—solid phase tran'Eure gradient increases with the argon percentage, the win-

o : f temperatures suitable for tube formation is then re-
sition of the catalysts at a temperature ranging from 1300 t(gj ow o . .
y P ging duced. The extent of the production volume is also reduced

1800 K depending on which catalysts are mixed with the : )
e nd this decreases the number of tubes synthesized. Thus, the
carbon. Thus, nanotubes are created within a very narro ecrease in the production rate, observed by BET and HR-

window of temperaturegvalues and gradienthat can be i . : .
used to control the nanotubes structure. To regulate the terﬁ——EM’ is attributed to a higher gradient of temperatures.

perature, several parameters can be varied, such as the target
compositior23 and its temperatur®, the inert atmosphere ¥~ CONCLUSION
gasr?3***and for laser ablation production, the gas flow  To summarize, we varied the inert atmosphere composi-
rate! The results of all these experiments on the tube protion in electric-arc discharge process to control the tempera-
duction show the great importance of the temperature and itgire inside the production chamber, thereby affecting the di-
gradient inside the synthesis chamber. Moreover, these efmeter distribution of the nanotubes. It was also observed
fects concern not only the production rate but also the tubehat the nanotube production rate and the size of bundles
diameter as it increases when the chamber wall or the targefecrease with an increase of the argon percentage. Moreover,
temperature increasé$2%3! from the results of modeling the arc discharge plasma and
Our results in the arc process confirm all the observafrom all experimental data, we give evidence of the close
tions reported above for the laser ablation process. All theelation between the temperature inside the production cham-
information collected about the nanotube structure and itger and the synthesis of the nanotubes. We then conclude that
arrangement is correlated with a model of the plasma genea fine control of the temperature allows one to control tube
ated between the two electrodes. We have seen clear e\dtructures, such as diameter or bundle arrangement. It is also
dence of the effect of temperature. of real importance to control the temperature gradient to im-

prove the production rate.
-&-no radiation
=LTE
< PLTE

0 20 40 60 80 100
% ARGON

[o2]
o
o
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